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ABSTRACT
From gene expression to nanotechnology, under-
standing and controlling DNA requires a detailed
knowledge of its higher order structure and dynam-
ics. Here we take advantage of the environment-
sensitive photoisomerization of cyanine dyes to
probe local and global changes in DNA structure.
We report that a covalently attached Cy3 dye under-
goes strong enhancement of fluorescence intensity
and lifetime when stacked in a nick, gap or over-
hang region in duplex DNA. This is used to probe
hybridization dynamics of a DNA hairpin down to the
single-molecule level. We also show that varying the
position of a single abasic site up to 20 base pairs
away modulates the dye–DNA interaction, indicative
of through-backbone allosteric interactions. The phe-
nomenon of stacking-induced fluorescence increase
(SIFI) should find widespread use in the study of the
structure, dynamics and reactivity of nucleic acids.
INTRODUCTION
The environmental sensitivity of cyanine dyes such as Cy3
in the vicinity of a protein, known as protein-induced flu-
orescence enhancement (PIFE), is a powerful approach
to studying DNA–protein interactions (1,2). The enhance-
ment results from changes in the rate of photoisomerization
of the cyanine dye, and the mechanism for this is now well
established (3). Upon excitation, Cy3 in the trans form is
highly emissive, but it can also photoisomerize from the ex-
cited trans state to the ground state of the cis isomer (Fig-
ure 1A) (4). The more sterically hindered the rotation of the
double bond is, the longer Cy3 spends in the trans confor-
mation, resulting in an increased emission quantum yield
(5). This allows the dye to report on its microenvironment.
Here we introduce a new strategy for enhancing the fluo-
rescence of Cy3 through the site-specific stacking of Cy3
in a nick, gap or overhang in duplex DNA. Using only
a single Cy3 label, we are able to probe multiple aspects
of DNA structure and dynamics. First, we monitored the
opening and closing of a DNA hairpin, measuring the dy-
namics down to the single-molecule level. We then took ad-
vantage of the dye’s sensitivity to local DNA structure, re-
vealing long-range perturbations due to the presence of a
single abasic site up to 20 base pairs (bp) away from the site
of dye stacking; we discuss this finding in the context of the
recent report of allostery in DNA–protein interactions (6).
MATERIALS AND METHODS
Materials
NaCl (analytical reagent grade) was purchased from Fisher
Scientific (Loughborough, UK). TRIS base (BioUltra for
luminescence, ≥99.8%) and TRIS hydrochloride (reagent
grade, ≥99%) were purchased from Sigma Life Sciences
(Dorset, UK). All of the chemicals were used as received
from the manufacturers.
The DNA sequences were synthesized and purified by
Purimex GmbH [Grebenstein, Germany; triple high perfor-
mance liquid chromatography (HPLC) and polyacrylamide
gel electrophoresis (PAGE), supplied in water; sequences a–
c in Supplementary Data] or IBA GmbH (Go¨ttingen, Ger-
many; double HPLC and PAGE, supplied lyophilized; se-
quences d–e in Supplementary Data). The DNA sequences
were dissolved in a buffer containing 20 mM Tris and 50
mM NaCl (pH 7.8) to obtain 100 M DNA stock solu-
tions. These solutions were mixed in a 1:2 (labelled hair-
pin:complementary sequence) ratio and annealed by plac-
ing them in a water bath at 90◦C that was then allowed to
cool overnight. The DNA solutions were stored at −20◦C.
All ensemble experiments were made in 20 mM Tris–
HCl (pH 7.8) and at various NaCl concentrations. Single-
molecule experiments used the same buffer with the ad-
dition of 6% glucose (w/v), glucose oxidase, catalase and
Trolox. All measurements were made at 21 ± 1◦C.
Absorption spectroscopy
The UV-visible spectra were recorded using a Cary 60
UV-Vis spectrometer (Agilent Technologies, Santa Clara,
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Figure 1. Fluorescence enhancement of Cy3 upon closing of a DNA hairpin. (A) Photoexcited Cy3 is known to isomerize between a bright trans isomer
and a dark cis isomer. The schematic shows a nicked hairpin structure labelled on 3′ deoxythymidine (dT) with Cy3. (B and C) Addition of NaCl (0–460
mM) results in an increase of Cy3 emission intensity (B) and lifetime (C). (D) Representative single-molecule time trace shows two-state dynamics (the
buffer contained 50 mM NaCl).
USA). The DNA concentrations were calculated from the
DNA absorbance at 260 nm using the molar extinction co-
efficients provided by the manufacturer. The dye concentra-
tions were calculated using the molar absorption coefficient
of Cy3 (ε = 150 000 M−1 cm−1 at 550 nm) (7).
Fluorescence spectroscopy
The fluorescence spectra and fluorescence decays were
recorded using a FluoTime 300 fluorescence spectrome-
ter (PicoQuant, Berlin, Germany). The excitation light was
provided by a Fianium WhiteLase super-continuum laser
(NKT Photonics, Birkerød, Denmark) and passed through
a SuperChrome filter (NKT Photonics, Birkerød, Den-
mark) before arriving at the sample holder. The full width at
half maximum (FWHM) of the instrument response func-
tion was ≈120 ps at 10 MHz rep rate. The excitation and
emission wavelengths were 532 and 565 nm, respectively.
The excitation bandpass was 10 nm, while the emission
bandpass was 2.7 nm. All of the fluorescence measurements
were carried out under magic-angle conditions to avoid flu-
orescence polarization artefacts. The time channel width
was 8 ps. In all cases, the absorbance of Cy3 was ≤0.1
to avoid inner-filter effects. All of the measurements were
recorded until they reached ten or twenty thousand counts
in the peak channel. The fluorescence decays were best fit
to either bi- or tri-exponential decay functions. The fitting
was carried out using the FluoFit data analysis software (Pi-
coQuant, Berlin, Germany). Only those fits that resulted in
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χ2 values close to 1 and whose residuals were randomly dis-
tributed around zero were deemed acceptable.
Two different average lifetimes (the amplitude-weighted
average lifetime, 〈τ 〉, and the intensity-weighted average life-
time, τ¯ ) were calculated as follows:
〈τ 〉 =
∑n
i=1 αiτi∑n
i=1 αi
τ¯ =
∑n
i=1 αiτi
2
∑n
i=1 αiτi
,
where αi and τi are the fractional amplitudes and lifetimes
of the ith decay component, respectively.
Single-molecule TIRF microscopy
Single-molecule total internal reflection fluorescence
(TIRF) measurements were made and analysed as reported
previously (8).
AV calculations
Accessible volume (AV) calculations were performed using
the Fo¨rster resonance energy transfer (FRET) positioning
and screening (FPS) software described by Kalinin et al.
(9). Briefly, the duplex structures were modelled as B-form
DNA helices, with two nucleotides deleted from the model
to create a gap. The parameters for a sulfo-Cy3-NHS es-
ter dye (long linker) were taken directly from the procedure
written by Kalinin et al.; the C5 of the pyrimidine ring was
used as the connecting atom of the labelled deoxythymidine
(dT) in the duplex structures. The resulting structures were
visualized using Pymol.
RESULTS
Stacking-induced fluorescence increase
We first designed a fully complementary DNA hairpin la-
belled with the cyanine dye Cy3 attached to the 3′ end of
the stem region (Figure 1A and Supplementary Figure S1)
(8,10). Cy3 is usually attached in either the neutral form or
negatively charged sulfonated form to the 3′ or 5′ end of
an oligonucleotide, or it is incorporated internally by di-
rect attachment to a base; various linkers have been used
for covalent attachment (4).We adopted a hybrid approach,
whereby a sulfonated Cy3 dye was attached to dT at the 3′
end, rather than internally (Supplementary Figure S1); we
hypothesized that this labelling strategy would not impede
hairpin closing. The hairpin loop is a 32 nucleotide polyA,
and the stem is a GC-rich sequence of six nucleotides. The
oligonucleotide extends in the 5′ direction to incorporate a
20-nucleotide handle with the 5′ terminal nucleotide modi-
fied to include a biotin moiety at the end of a carbon linker.
This handle allows the hairpin to be immobilized for single-
molecule experiments.
We used steady-state fluorescence spectroscopy, time-
correlated single-photon counting (TCSPC) and TIRF mi-
croscopy to monitor the Cy3 emission. Upon addition of
NaCl to an aqueous solution of the hairpin, we observed
a large increase in ensemble fluorescence intensity (Figure
1B) and lifetime (Figure 1C). Single-molecule traces showed
that the dynamics followed two-state kinetics, which agreed
with the salt-induced opening and closing of similar hair-
pins observed previously using FRET (Figure 1D) (8,10).
We hypothesized that the increase was due to restricted pho-
toisomerization of Cy3 (4), though it was not clear what in-
teraction was causing such a well-defined enhancement.
The nicked hairpin in Figure 1A has a number of distinct
structural features, some of which depend on the conforma-
tional state of the hairpin. Therefore, we designed a series
of DNA structures to uncover the origin of the fluorescence
increase for Cy3 (Figure 2A and D; Supplementary Figure
S2).We tested for the influence of the hairpin loop, the prox-
imity of the dye to the end of duplex DNA, the effect of
local attachment to single-stranded DNA (ssDNA) versus
double-stranded DNA (dsDNA), and the proximity of the
Cy3 to a nearby nick, gap or single-strand overhang.
Before studying the Cy3 structures, we replaced the Cy3
with Cy3B, which is an analogue of Cy3 that does not un-
dergo isomerization (4). Upon addition of NaCl to a Cy3B-
containing hairpin, there was no change in the fluorescence
intensity or lifetime, or fluctuations in single-molecule in-
tensity (Supplementary Figure S3 and Supplementary Ta-
ble S1). This supported the hypothesis that Cy3 emission
enhancement in hairpins was due to restricted photoisomer-
ization. We then focused on Cy3-labelled structures.
We found that time-resolved emission from Cy3 was par-
ticularly sensitive to the dye’s local environment. In all TC-
SPC measurements of Cy3, the decays were multiexponen-
tial (e.g. Figure 2B), requiring three decay components (see
Supplementary Tables S1 and S2 for representative TCSPC
data recorded in the presence of 50 mM NaCl). The fit-
ted lifetimes agree with previous measurements of Cy3 (5).
For example in the presence of 50 mM NaCl, the longest
decay component was ∼2–2.4 ns, which is assigned to a
predominately stacked trans conformation, while the short
component at ∼200–300 ps is assigned to unstacked Cy3
due to its similarity to free Cy3 (5). The intermediate life-
time for the duplexes and hairpins was ∼0.6–1 ns; we at-
tribute this component to another well-defined conforma-
tion such as minor groove binding, which is known to occur
for cyanine molecules (11). Since changes to the fraction of
dyes undergoing non-radiative photoisomerizationwill lead
to changes in both emission intensity and lifetime, we also
found that the average decay time was a particularly useful
diagnostic of the Cy3 environment (e.g. Figure 2C). These
three lifetimes may reflect three distinct dye microenviron-
ments or they may be due to distributions around those life-
times. Furthermore, at an NaCl concentration of 50 mM,
there will be a contribution from Cy3 in the open hairpin
conformation. As the lifetimes for Cy3 on ssDNA are sim-
ilar to those on dsDNA, we cannot easily distinguish be-
tween open and closed conformations (Supplementary Ta-
ble S2). However, as we will see below, we have also studied
the hairpins at high salt concentrations, where the closed
conformation predominates.
We first examined a series of dsDNA structures in the ab-
sence of a single-stranded loop. When Cy3 was attached in-
ternally to dsDNA (red box in Figure 2A), there was a large
reduction in lifetime in comparison with the nicked hairpin
D
ow
nloaded from
 https://academ
ic.oup.com
/nar/advance-article-abstract/doi/10.1093/nar/gky887/5114258 by U
niversity of G
lasgow
 user on 10 O
ctober 2018
4 Nucleic Acids Research, 2018
Figure 2. Stacking-induced fluorescence increase of Cy3. (A) ImmobileDNA structures designed to probe the possible interactions between theCy3 dye and
the DNA hairpin (see Supplementary Figure S2 for additional structures). (B and C) Time-resolved decays (B) and amplitude-weighted average lifetimes
(C) for Cy3 attached to representative duplex structures (the buffer contained 50 mM NaCl). (D) Amplitude-weighted average lifetime as a function of
NaCl concentration for hairpins with different dye positions. Moving the dye away from the ssDNA–dsDNA junction reduces the enhancement. (E) AV
calculations illustrate that the dye can explore up to four bases along duplex DNA (see Supplementary Figure S7 for expanded versions of these). Error
bars in (C) and (D) represent the standard deviation (N = 3).
(Figure 2B and C; Supplementary Figure S4 and Supple-
mentary Table S2). Using a shorter duplex, where the dis-
tance from the dye to the end of the duplex (6 bp) was equiv-
alent to the distance from the dye to the hairpin loop (green
box in Figure 2A), produced similar results (Figure 2B and
C; Supplementary Figure S4 and Supplementary Table S2).
There was also little effect of NaCl (Supplementary Figures
S4 and S5), in contrast to the hairpin, and only stable single-
molecule traces were observed for short and long duplexes
(SupplementaryFigure S6). In addition, whenCy3was end-
labelled on ssDNA, the decay was similar to when internally
labelled on a fully complementary duplex (Supplementary
Table S2). In contrast, a large change in intensity/lifetime
occurred (Figure 2B andC; Supplementary Table S2) when-
ever the dye was in a duplex with the dye adjacent to ei-
ther a nick, gap or single-strand overhang (orange box in
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Figure 2A). Once again, the duplex structures exhibited lit-
tle salt dependence (Supplementary Figure S5) and showed
no intensity fluctuations (Supplementary Figure S6). This
implied that proximity to an ssDNA–dsDNA junction is
important for the enhancement, but not the dynamics or
dependence on NaCl. Furthermore, a stable hairpin loop
structure that cannot undergo opening and closing at room
temperature (purple box in Figure 2A) showed only a small
increase in fluorescence intensity and lifetime, relative to the
intact duplexes (Figure 2B andC; Supplementary Table S1),
and did not display any dynamics at the single-molecule
level (Supplementary Figure S6). This showed that interac-
tion with the hairpin loop was not responsible for the flu-
orescence enhancement or the two-state intensity fluctua-
tions.
We also designed hairpin structures in which the dye
was located at different distances from the ssDNA–dsDNA
junction; these are labelled T0, T2 and T4 according to the
number of bases distant from the junction (Figure 2D and
E). These three hairpins all have similar sequence contexts
in the stem region; the main difference is that the T2 junc-
tion has a larger loop, two extra base pairs and the unpaired
base at the overhang is G instead of T. As shown by TCSPC
measurements, the enhancement was progressively lower as
the dyewasmoved away from the junction (Figure 2D). This
agreed with AV calculations (9), which showed that for T4,
the dye is very unlikely to stack at the overhang (Figure 2E
and Supplementary Figure S7). Single-molecule measure-
ments also displayed a reduction in enhancement as the dye
was moved away from the junction (Supplementary Figure
S6). To check if there was a dependence on the method of
Cy3 conjugation, we substituted the Cy3-dT label for a 3′-
Cy3 (Supplementary Figure S1). This produced a very simi-
lar enhancement for the T0 overhang structure (Supplemen-
tary Figure S8) and the nicked hairpin (Supplementary Fig-
ure S9). Therefore, it appears that the 3′-Cy3 linker is long
enough to allow a similar interaction as for the dT attach-
ment.
Overall, the data presented in this section demonstrate
that Cy3 can stack in a nick, gap or overhang region of
DNA, leading to fluorescence enhancement. Furthermore,
we showed that single-molecule intensity fluctuations are
due to salt-dependent hairpin dynamics rather than stack-
ing dynamics; we investigated this aspect further, as detailed
below.
Single-molecule dynamics
Measurements on hairpins with either a nick, 2 bp gap,
or single-strand overhang showed that the enhancement
can be tailored by adjusting the salt concentration (Fig-
ure 1C). DNA and RNA hairpin dynamics are commonly
probed using FRET, whereby the donor dye and acceptor
dye/quencher are far apart in the open state (low FRET)
and close together following hybridization (high FRET)
(10,12–18). By studying single immobilized hairpins, the
modulated FRET signal due to opening and closing can be
measured, giving direct access to the underlying rate con-
stants. As shown above (Figure 1D), we couldmeasure hair-
pins labelled with only one Cy3 dye down to the single-
molecule level.
The single-molecule measurements showed that the hair-
pin exhibits two-state dynamics under all conditions (Figure
3A andB) and that the longer lifetime correlates with the in-
creased on-time in the bright state. The transition from the
open to closed state increases the fluorescence of the indi-
vidual Cy3 dyes by a factor of up to ∼2.5, which is similar
to the maximum enhancement seen by proteins binding to
DNA (2). The two-state dynamics indicates that other pro-
cesses such as Cy3 photoisomerization (with reported time
constant of ∼10 s (19)) and interconversion between dif-
ferent dye conformations (e.g. stacked versus unstacked) are
much faster than the temporal resolution of the TIRF ex-
periment (∼50 ms); therefore, the fluorescence intensity of
Cy3 in either the open or closed conformation is the time-
averaged fluorescence from all the bright and dark states
that are present.
The dwell times in the two fluorescent states were used to
calculate the opening and closing rates of individual hair-
pins (Figure 3C). For the nicked and gapped hairpins, the
opening and closing rates (in the presence of 50 mMNaCl)
are almost the same, whereas for the overhang, the opening
rate is faster and closing rate slower. This suggests that the
dye interaction with the nick or gap increases the stability of
the closed conformation. Importantly, we have shown that
the dynamics of hairpin opening and closing can be reliably
monitored at the single-molecule level using only one dye.
Dye stacking as a function of distance from an abasic site
Having established that dye stacking canmonitor hybridiza-
tion, we next attempted to use the Cy3 fluorescence to probe
changes to the duplex structure itself.We designed new hair-
pins that incorporated a single abasic site at different dis-
tances from a nick. We chose abasic modifications because
they are one of the most common types of DNA lesion
(20). They are also a well-defined structural perturbation
that can be reliably incorporated via simple modifications
to oligonucleotides. We used a nicked hairpin and sufficient
NaCl (600 mM) to ensure the hairpin was always closed.
The hairpin structures (Figure 4A) were very similar to the
nicked hairpin used above; the only difference was the ex-
tended duplex region to increase the number of possible
abasic sites. Only one abasic site was used per hairpin and
this site was positioned either adjacent to the nick (defined
here as 1 bp from the nick) or at 11 other positions up to 21
bp away. We also studied an identical fully complementary
hairpin (i.e. with no abasic sites) as a control. We recorded
time-resolved decays for each sample under identical condi-
tions. As with the other hairpins (Figure 2), all of the decays
were well described by three lifetime components (Supple-
mentary Table S3) centred on 2.6–2.7 ns for the stacked con-
formation, 300 ps for unstacked Cy3 and an intermediate
lifetime ∼1.3 ns due to an intermediate conformation. We
note that half of the Cy3 dyes are now in the long-lifetime
state, and that this lifetime is very similar to that of Cy3B
(Supplementary Figure S3a), showing that photoisomeriza-
tion is almost completely suppressed for these Cy3 dyes.
We first plotted the average lifetime of the fluorescence,
using the extracted lifetimes and amplitudes (Figure 4B and
C). We calculated both the intensity-weighted average life-
time (which is the average time in the excited state) and the
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Figure 3. Monitoring single-molecule hybridization kinetics. (A) Representative single-molecule time traces for nicked, gap and overhang hairpin structures.
(B) Dwell-time histograms can be fitted to a two-state model. (C) Opening and closing rates for the hairpins from the fits of the dwell-time histograms.
The buffer contains 10 mM NaCl. Error bars in (C) represent the standard error for the single exponential fits. The number of open/closed transitions is
>2000 from >100 molecules.
amplitude-weighted average lifetime (which is proportional
to the steady-state intensity). Both plots are qualitatively
similar, showing a sharp decrease in average lifetime for the
first few abasic sites, relative to the baseline average for the
fully complementary structure; we note that the amplitude-
weighted average lifetime is longer for the first abasic po-
sition, which we attribute to direct stacking into the aba-
sic site. The average lifetime then increases again until the
structure with an abasic site 9 bp away has the same value
as the control structure. Notably, the average lifetime then
increases further, indicative of an increase in stacking, until
it peaks at ∼15 bp, after which it decays again until by 19
bp it is back to the baseline. This modulation matches the
10 bp helical pitch of B-form dsDNA, which indicates that
the origin is due to through-backbone perturbations.
The values of the three lifetimes vary slightly from sample
to sample (Supplementary Figure S10 and Supplementary
Table S3). As a result, the decays cannot be fitted globally
across the whole dataset (i.e. using three lifetimes as global
parameters and allowing the amplitudes to vary). Instead,
we plotted the fractional intensity of each component (de-
fined as the product of the lifetime and amplitude) to illus-
trate how each decay component varies with abasic position
(Figure 4D–F). The fractional intensity represents the con-
tribution that the dye conformationwith that particular life-
time makes to the steady-state intensity (21). It is clear that
the strong modulation seen in the average lifetimes (Figure
4B and C) is also apparent in the individual components.
There is a strong anticorrelation in the short (unstacked)
and long lifetime (stacked) components when the abasic site
is close to the dye. This is likely due to a direct insertion
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Figure 4. Effect of a remote abasic site on Cy3 stacking-induced fluorescence increase. (A) Schematic for hairpin structures with a single abasic site. (B–F)
Time-resolved fluorescence as a function of the position of the abasic site. (B) Intensity-weighted average lifetime. (C) Amplitude-weighted average lifetime.
(D–F) Fractional intensity (lifetime*amplitude) for the long (D), intermediate (E) and short (F) decay components. The error bars represent the standard
error of the mean (three independent experiments with a total of thirteen decay measurements). The shaded bar (pink) represents the mean lifetime and
standard error for the fully complementary control sequence (i.e. with no abasic site). The buffer contains 600 mMNaCl. See Supplementary Table S3 for
fit parameters.
of the dye into the abasic site, as discussed above. Notably,
there is also anticorrelation close to 15 bp, matching the
peak observed in the average lifetime plots. In contrast, the
intermediate lifetime has a small peak around 3 bp from
the nick and then is relatively constant. As shown already
by AV (Figure 2E and Supplementary Figure S7), the dye
and linker cannot explore more than a distance of around
four bases away. Therefore, these experiments reveal that a
remote abasic site can perturb the local dye interaction with
theDNAbackbone over a long range (∼2 helical turns), de-
pendent upon both distance and relative base positioning.
DISCUSSION
Taken together, the data for the various dsDNA and hair-
pin structures (Supplementary Figure S2) can be explained
by an enhancement mechanism due to stacking of Cy3
in a nearby nick, gap or overhang. This site-specific en-
hancement, which we term stacking-induced fluorescence
increase (SIFI), has not been reported before. One well-
known interaction of Cy3 is the stacking of cyanine dyes on
the end base pair of a DNA duplex (22,23), but none of the
structures examined here feature a dye near the blunt duplex
end.While we observe a fluorescence increase in going from
the ssDNA to annealed hairpin, Levitus et al. showed previ-
ously that when sulfonated Cy3 is attached to a T on the 5′
end of ssDNA, the quantum yield decreases if the ssDNA
is annealed to complementary strands of various lengths;
this included a structure with an overhang that is similar in
length, but with opposite polarity, to the one studied here
(orange box in Figure 2A) (5). The 5′ linker used in the ear-
lier study (5) was also much shorter than the one used here,
possibly preventing stacking. This suggests that there may
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be an opportunity to further tune the enhancement by tai-
loring the linker and sequence.
The benchmark for fluorescence probing of DNA struc-
ture and dynamics is FRET, particularly when done at the
single-molecule level (9,24,25).While there aremany advan-
tages to FRET, among the disadvantages are the require-
ments for two fluorescent dyes (or a dye and quencher) and
the fact that the dyes are normally attached to a molecule
of interest via a long tether, rendering the technique rather
insensitive to local changes. Fluorescent analogues of nucle-
obases can offer local information (26,27), but these probes
are not yet suitable for single-molecule analysis. The ap-
proach described herein has a rather unique combination of
features. Like PIFE (2), it takes advantage of the enhance-
ment of emission that results from a reduction in photoi-
somerization, but it can be used in the absence of protein
(3). It requires only one dye, it can operate at the single-
molecule level and it can probe local and global structural
rearrangements.
In addition to monitoring hairpin dynamics, we show
that the dye–DNA interaction is extremely sensitive to lo-
cal changes near the site of stacking, as demonstrated by the
ability to reveal long-range perturbations to theDNAback-
bone. Communication between remote sites is a hallmark of
allostery, first proposed byMonod et al. in terms of confor-
mational changes in proteins (28). There has been a great
deal of interest recently regarding allosteric interactions in
DNA–protein systems, notably the demonstration of ∼10
bp oscillations in protein-binding efficiency as a function
of the location of a second bound protein (6). Theoretical
work (29) andmolecular dynamics (MD) simulations (6,30)
supported a model of DNA deformation mediated through
the backbone. Such interactions are important in the con-
text of processes such as gene regulation (31–33). Kim et
al. showed using MD simulations that spatial correlations
between the major groove widths at two positions oscillate
with 10 bp periodicity; similar modulation was observed ex-
perimentally for protein binding (6). In the context of the
model of dynamic allostery, first proposed by Cooper and
Dryden (34), this can be viewed as the binding of one pro-
tein affecting long-range vibrational modes, which then en-
tropically favours or disfavours binding of another protein
at a second site. We have shown remarkably similar mod-
ulated binding behaviour (i.e. Cy3 stacking) over long dis-
tance due only to the location of a single abasic site. This
is direct evidence, in the absence of protein, of through-
backbone communication in DNA. It will be of interest to
use the SIFI approach described here to investigate other
aspects of DNA structure and dynamics.
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